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ABSTRACT 
Compliant mechanisms like a parallel guidance 
and a cross pivot flexure contain leaf-springs. 
The basic elastic elements like leaf-springs and 
wire flexures constrain Degrees-Of-Freedom 
(DOFs) when flat or straight respectively. 
However, when deflected these elastic elements 
lose stiffness rapidly. Therefore, mechanisms 
containing leaf-springs and wire flexures are 
suitable for small deflections only. This paper 
presents an elastic element, a so-called ‘curved 
hinge flexure’, which shows only a limited 
stiffness decrease at large rotational deflections 
of the initially 3 stiff directions. When comparing 
a curved hinge flexure with a single leaf-spring 
with comparable rotational compliance over a ± 
15 degrees stroke, the stiffness in the stiff 
directions is 2.5 to 14 times higher. 
 
 
FIGURE 1. Exactly constrained parallel leaf-
spring mechanism with reinforcements.  
 
INTRODUCTION 
In precision engineering, mechatronics and 
microelectromechanical systems, elastic 
elements are utilized for creating a deterministic 
behavior of the suspension of precision 
manipulators. With the principle of exact 
constraint design [1] systems often require a 
large suspension stiffness combined with a low 
actuation stiffness. This ratio can be high if 
relatively long and thin wire-flexures or leaf-
springs, the basic elastic elements, are used. A 
leaf-spring ideally constrains 3 DOFs and a wire 
flexure ideally constrains 1 DOF [2]. However, 
this is true for respectively a flat leaf-spring and 
a straight wire flexure. These types of flexures 
lose stiffness rapidly when deflected. Being built 
with the same basic elastic elements, 
mechanisms like a cross-pivot flexure [3], a 
parallel leaf-spring guidance [2] as shown in 
Figure 1, a folded flexure (often used in MEMS) 
and a folded leaf-spring [2] suffer a strong 
decrease in stiffness when deflected. 
Reinforcing the leaf-springs of the above-
mentioned mechanisms, as shown in Figure 1 
for a parallel leaf-spring mechanism, helps to 
increase the buckling load. A second option is to 
implement cross pivot flexures to increase the 
buckling load even further. However, neither 
option increases the stiffness of the shuttle 
significantly for large deflections.  
  
STIFFNESS 
To calculate the stiffness of a deflected leaf-
spring, a bending moment is applied at the leaf-
spring end in the rz-direction. The coordinate 
system is attached to the free end of the leaf-
spring and rotates according to the possibly 
large rotation rz. At a certain rotation of interest 
rz = Rz, the coordinate system is fixed, and the 
stiffnesses are examined. The stiffnesses of the 
end of the leaf-spring can be defined as dividing 
an infinitesimal input force by the resulting 
displacement in a certain direction as shown in 
Figure 2. These ‘stiffnesses’ correspond to the 
reciprocal of the diagonal terms of the 
compliance matrix: 
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A rotating reference frame is chosen because 
we are interested in the compliance in the radial 
and tangential directions with respect to the 
center of rotation.  
 
FIGURE 2. Deflected leaf-spring. The coordinate 
system is fixed at a certain angle Rz, after first 
traveling with the free end of the leaf-spring.  
 
In order to keep the models simple with a limited 
number of degrees of freedom, the leaf springs 
are modeled as beams here using the multibody 
program SPACAR [4]. CosmosWorks finite 
element calculations have been made for 
verification. In the model shear is taken into 
account, but constrained warping and anti-
clastic curvature are not taken into account. 
 
LEAF-SPRING 
A leaf-spring ideally constrains three degrees of 
freedom (DOFs) if it is flat. The three relatively 
stiff DOFs are the longitudinal elongation (x) and 
in-plane bending (z and ry) shown in Figure 2. 
The stiffness in twist (rx) and out-of-plane 
bending (y and rz) is relatively low.  
 
The stiffness ratio ky/kz for example of a leaf-
spring with dimensions 50 x 50 x 0.6 mm at Rz = 
0 is 6.9x103, which shows the potential of the 
leaf-spring element to obtain a large suspension 
stiffness combined with a low actuation stiffness. 
 
However, when deflecting the leaf-spring in one 
of the three compliant directions the stiffness of 
the three stiff DOFs decreases. For example 
when deflecting the 0.6 mm thick leaf-spring by 
an angle of 15° in the Rz-direction, the stiffness 
ratio ky/kz has decreased by a factor 100 to 
6.9x101, due to the decrease in ky. The stiffness 
as a function of the Rz-deflection of two leaf-
springs in 6 DOFs is given in Figures 5 and 6. 
The stiffness ratios cx/cy and cz/cy also show 
strong decreases, 2.9x102 and 2.8x101 
respectively, when deflected in Rz-direction.  
 
CURVED HINGE FLEXURE 
We present a so-called ‘curved hinge flexure’, 
shown in Figure 3, which shows only a limited 
stiffness decrease at large rotational deflections 
in Rz-direction. In terms of degrees of freedom 
the curved hinge flexure constrains three DOFs, 
x, z and ry and has one compliant DOF in the rz-
direction. The DOFs y and rx are in between 
compliant and stiff. Therefore the curved hinge 
flexure is best used as a hinge flexure leaving 
compliant 1 DOF. An example application is the 
reinforced parallel leaf-spring mechanism shown 
in Figure 1, where the four leaf-springs can be 
replaced by four curved hinge flexures to obtain 
a higher stiffness at deflection. 
 
FIGURE 3. The curved hinge flexure consists of 
two pre-curved leaf-springs. In this case the 
dimensions of the leaf-springs are 50 x 50 x 0.35 
mm. 
 
In its basic form the curved hinge flexure 
consists of two curved leaf-springs in its 
undeflected, low stress state. In this undeflected 
state the leaf-springs are pre-curved and 
contribute both to, for example, the longitudinal 
stiffness. The longitudinal stiffness however is 
not at its maximum due to the curved shapes of 
the leaf-springs. When bending the curved hinge 
flexure in Rz-direction, one leaf-spring will 
straighten while the other becomes more curved 
as shown in Figure 4. The longitudinal stiffness 
of the more straightened leaf-spring will increase 
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faster than longitudinal stiffness of the more 
bended leaf-spring will decrease. Therefore the 
overall longitudinal stiffness will increase. The 
overall longitudinal stiffness increases until one 
of the leaf-springs is exactly straight, after which 
the overall longitudinal stiffness will drop. The 
stiffness change in the longitudinal direction 
applies in more or less the same way to the 
stiffness change of cz and ky.   
 
FIGURE 4. The pre-curvature of the leaf-springs 
is optimized in such a way that if the suspended 
body is loaded by a bending moment around the 
z-axis, one of the leaf-springs becomes exactly 
straight, in this case at 10° Rz-rotation. 
 
The basic idea behind the curved hinge flexure 
is to decrease stiffness loss at deflection, due to 
curving of initially flat or straight flexure 
elements, by incorporating curved flexure 
elements in the undeflected state which become 
straight when deflected. Parallel chains of elastic 
elements are required for maximizing the 
stiffness at different amounts of deflection. 
 
For example, a curved hinge flexure has been 
optimized in such a way that during an 
increased external bending moment at a certain 
instant one of the leaf-springs becomes exactly 
straight at 10 degrees (Figure 5 and 6). The gap 
between the leaf-springs at the rotating side is 
0.25 mm. The Young modulus is taken 200x109 
N/m2 and the Poisson ratio is taken 0.29. A 
curved hinge flexure, having leaf-spring 
dimensions 50 x 50 x 0.35 mm, is compared 
with a single leaf-spring with dimensions 50 x 50 
x 0.6 mm over a +/- 15° Rz-stroke because they 
show almost equal rotational stiffness kz. The 
undeflected stiffness cx, cz and ky of the curved 
hinge flexure is respectively 12, 6.7 and 40 
times higher. However, the lowest stiffness cx, 
cz and ky of the leaf-spring over a range from 0 
to 15° is respectively 14, 3.9 and 2.5 times less 
than the curved hinge flexure. The stiffness loss 
at deflection of a leaf-spring can be minimized 
by taking a thicker leaf-spring, 1.25 mm for 
example. The worst case cx, cz and ky-stiffness 
is 1.6, 0.49 and 0.29 times lower than that of the 
curved hinge flexure, however the kz-stiffness is 
also 7.7 times higher.  
 
The stress and strain of the curved hinge flexure 
needs to be taken into account. The strain of the 
curved hinge flexure in the example rises up to 
0.30%, which can be a point of concern. 
 
FUTURE OPTIMIZATION 
The stresses and rz-stiffness of the presented 
curved hinge flexure can be minimized by 
optimizing the dimensions of the curved leaf-
springs. An other idea is to use more than two 
parallel kinematic leaf-springs. 
 
CONCLUSION 
The curved hinge flexure shows less stiffness 
decrease at large deflections compared with a 
leaf-spring. When comparing a curved hinge 
flexure with a single leaf-spring with comparable 
rotational compliance over a ± 15° stroke, the 
worst case stiffness in the stiff directions are 2.5 
to 14 times higher. 
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FIGURE 5. Graph showing the translational stiffnesses 1000 x cx, cy and cz of two single 
initially straight leaf-springs with dimensions 50 x 50 x 0.6 mm and 50 x 50 x 1.25 mm, and 
four curved hinge flexures with each of the two leaf-springs having the dimensions 50 x 50 x 
0.35 mm. The four curved hinge flexures are optimized for maximum stiffness at 3°, 6°, 10° 
and 15° deflection in Rz. 
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FIGURE 6.  Graph showing the rotational stiffnesses kx, ky and kz/100 of two single initially 
straight leaf-springs with dimensions 50 x 50 x 0.6 mm3 and 50 x 50 x 1.25 mm, and four 
curved hinge flexures with each of the two leaf-spring having the dimensions 50 x 50 x 0.35 
mm. The four curved hinge flexures are optimized for maximum stiffness at 3°, 6°, 10° and 
15° deflection in Rz.  
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